Chen Y, Gelfond J, McManus LM, Shireman PK. Temporal microRNA expression during in vitro myogenic progenitor cell proliferation and differentiation: regulation of proliferation by miR-682. Physiol Genomics 43: 621-630, 2011. First published September 14, 2010 doi:10.1152/physiolgenomics.00136.2010 regulate gene expression by repressing target genes at the posttranscriptional level. Since miRNAs have unique expression profiles in different tissues, they provide pivotal regulation of many biological processes. The present study defined miRNA expression during murine myogenic progenitor cell (MPC) proliferation and differentiation to identify miRNAs involved in muscle regeneration. Muscle-related gene expression analyses revealed that the time course and expression of myosin heavy chain (MHC) and transcription factors (Myf5, MyoD, myogenin, and Pax7) were similar during in vitro MPC proliferation/differentiation and in vivo muscle regeneration. Comprehensive profiling revealed that 139 or 16 miRNAs were significantly changed more than twofold [false discovery rate (FDR) Ͻ 0.05] during MPC differentiation or proliferation, respectively; cluster analyses revealed five distinct patterns of miRNA expression during the time course of MPC differentiation. Not unexpectedly, the largest miRNA changes occurred in muscle-specific miRNAs (miR-1, -133a, and -499), which were upregulated Ͼ10-fold during MPC differentiation (FDR Ͻ 0.01). However, several previously unreported miRNAs were differentially expressed, including miR-10b, -335-3p, and -682. Interestingly, the temporal patterns of miR-1, -499, and -682 expression during in vitro MPC proliferation/ differentiation were remarkably similar to those observed during in vivo muscle regeneration. Moreover, in vitro inhibition of miR-682, the only miRNA upregulated in proliferating compared with quiescent MPC, led to decreased MPC proliferation, further validating our in vitro assay system for the identification of miRNAs involved in muscle regeneration. Thus the differentially expressed miRNAs identified in the present study could represent new regulatory elements in MPC proliferation and differentiation.
UPON INJURY, skeletal muscle has the remarkable ability to initiate a rapid and extensive repair process that ultimately prevents the loss of muscle mass. Muscle regeneration is accomplished by a resident population of myogenic progenitor cells (MPC), also called satellite cells. In response to trauma, normally quiescent satellite cells become activated, giving rise to proliferating MPC, or myoblasts, that eventually differentiate and fuse to form multinucleated myotubes (7) . Activation of satellite cells and the descendant myogenic precursors is a key element of muscle regeneration that is regulated via numerous genes that encode growth factors, regulatory proteins, receptors, and transcription factors (4, 29, 47) . Studies in myogenic cell lines have provided much insight into the functional roles of these genes in the regulation of muscle regeneration.
Muscle regeneration resembles embryonic myogenesis in several ways including the de novo induction of the myogenic regulatory factors (MRFs), including Myf5, MyoD, and myogenin. Paired box proteins (Pax3 and Pax7) are involved in myogenic cell lineage determination and specification (25, 30, 32) . In response to muscle damage, activated Pax7 ϩ /Myf5 ϩ satellite cells upregulate MyoD expression and proliferate to generate myoblasts/MPC, whereas myogenin is expressed later during cell fusion and differentiation (29) . A delicate balance between cell proliferation and exit from the cell cycle, differentiation, and fusion is required for muscle regeneration to occur normally. MicroRNAs (miRNAs) are an increasingly important class of small, noncoding RNAs that regulate gene expression by binding to the 3=-untranslated region (UTR) of target mRNAs and inhibit initiation of translation and/or promote transcript cleavage (5) . The miRNAs play essential roles in numerous biological processes such as development, cell proliferation, differentiation, and apoptosis (18, 28) . Aberrant expression of miRNAs has been reported in a number of pathophysiological conditions (2, 22, 23, 43, 63) . Functionally, a mutation in the target site of miR-1 and miR-206 in the myostatin gene was associated with muscle hypertrophy (11) . Other studies have implicated miRNAs in control of human immunodeficiency virus (HIV) replication (54) and in coronary artery disease (61) . Relative to the latter, the in vivo inhibition of specific miRNAs resulted in decreased plasma cholesterol in hypercholesterolemic mice and monkeys (17) . Hence, disease-associated miRNAs could become viable targets for therapeutic intervention.
miRNAs are expressed in a tissue-specific manner. Musclespecific miRNAs (miR-1, -133, -206, -208, and -499) have been identified and are involved in a range of processes including myogenesis (proliferation, differentiation, and fiber type specification), regeneration, hypertrophy, and muscular dystrophy (9, 36, 39, 55, 62) . Current data on the roles of these miRNAs have been obtained largely from studies in cultured myoblast cell lines. miR-1 overexpression in cultured skeletal myoblasts promoted skeletal muscle differentiation, while miR-133 overexpression maintained myoblasts in a proliferative state and inhibited differentiation (9, 26) . In addition, miR-499, which is encoded in the myosin gene, is involved in the regulation of myosin heavy chain (MHC) expression and fiber type (36, 55) . These findings suggest that miRNAs may regulate muscle regeneration at multiple stages.
To investigate the function of miRNAs in muscle regeneration, we profiled miRNA expression during the course of murine MPC proliferation and differentiation. Importantly, these experiments were performed with newly established, low-passage primary cultures and well-defined proliferation and differentiation assays. Comprehensive analyses were performed to define the miRNA expression patterns during the time course of MPC proliferation and differentiation. To validate our in vitro systems, miRNAs that were differentially expressed in vitro were studied in regenerating mouse tibialis anterior muscle after cardiotoxin-induced injury. Moreover, the biological function of one of the differentially expressed miRNAs, miR-682, was studied during in vitro MPC proliferation. The miRNAs identified in the present study could represent new regulatory elements in muscle regeneration.
MATERIALS AND METHODS
MPC cell culture and transfection. MPC isolations were performed according to the method of Lee et al. as previously described (31) . Cells were isolated from the hindlimb muscles of 8-to 16-wk-old male C57BL/6J mice (Jackson Lab, Bar Harbor, ME); all muscles from the thigh and below the knee from two mice were used for each isolation. Briefly, muscles were minced into a coarse slurry and digested for 1 h with Pronase (650 U/ml, Calbiochem, San Diego, CA) in DMEM (American Type Culture Collection, Manassas, VA) containing 25 mM HEPES at 37°C with gentle agitation. The digest was mechanically dissociated by triturating the muscle slurry repeatedly and filtered through a 100-m filter (Millipore, Bedford, MA). The filtered digest was centrifuged through an isotonic Percoll gradient (60% overlaid with 20%, GE Healthcare, Piscataway, NJ), which has been used widely in progenitor cell isolation (6, 35, 38, 44, 59) . Cells were collected from the interface of the Percoll gradient and resuspended in primary growth medium (GM) containing Ham's F-10 (Invitrogen, Carlsbad, CA), 20% FBS (VWR, West Chester, PA), 10 ng/ml fibroblast growth factor-2 (FGF-2; Promega, Madison, WI), 100 U/ml penicillin G, and 100 g/ml streptomycin (Invitrogen) and grown on type I collagen (0.1 mg/ml, Sigma-Aldrich, St. Louis, MO)-coated tissue culture plates. All analyses were performed with primary MPC cultures at passage 3. The cells in the passage 3 cultures were 96 Ϯ 2.3% positive for MyoD by immunocytochemistry.
Locked nucleic acid (LNA)-enhanced antisense oligonucleotides against miR-682 were synthesized by Exiqon (Woburn, MA). Transfection was performed at a final concentration of 10 nM with Lipofectamine RNAiMAX reagent (Invitrogen), and the reverse transfection procedure was performed according to the manufacturer's instructions.
MPC proliferation assay and cell cycle analysis. For MPC proliferation, cells were cultured in GM and plated on type I collagencoated flasks at a density of 5 ϫ 10 5 cells/T25 flask (Sigma, St. Louis, MO). Cell proliferation was evaluated by total cell counts with a hemacytometer and cell cycle analysis. For cell cycle analysis, MPC cultures from days 1-5, each time point performed in duplicate, were trypsinized, fixed in ice-cold 70% ethanol, and incubated with a propidium iodide (PI) solution (0.2 mg/ml RNase A, 0.1% Triton X-100, 20 g/ml PI) for 30 min at room temperature to label DNA. A FACSCalibur (Beckman Instruments, Fullerton, CA) flow cytometer was used to measure the PI fluorescence. For each measurement, data from 10,000 single cell events were collected; cell doublets and aggregates were gated out of the analysis with a two-parameter histogram of FL2-Area versus FL2-Width. Cell cycle histograms were analyzed with ModFit LT 3.0 software packages (Verity Software House, Topsham, ME). All cell cycle analyses were confirmed to have a low coefficient of variation (CV) of the G 0/G1 peak (CV Ͻ 5) and low reduced 2 (RCS) values (RCS Ͻ 3), indications of how well the model described the observed data. Results are presented as the mean value of four independent assays; each assay used MPC cultures at passage 3 derived from different sets of mice.
MPC differentiation assay and immunocytochemistry. For MPC differentiation, cells were seeded on entactin-collagen IV-laminin (ECL, 5 g/cm 2 , Millipore)-coated plates at a density of 4 ϫ 10 5 cells/60-mm dish, allowed to adhere for 24 h in GM (day 0), and switched to differentiation medium (DM) composed of 2% horse serum (Invitrogen), 100 U/ml penicillin, and 100 g/ml streptomycin in DMEM. Cultures were fixed and analyzed after switching to DM for days [1] [2] [3] [4] [5] . Cell differentiation was evaluated by MHC immunolocalization; at least 1,500 nuclei from MHC-positive cells were counted from 10 random fields at ϫ10 magnification. The differentiation potential was calculated as (MHC-positive nuclei/total no. of nuclei) ϫ 100, and the fusion index was calculated as (MHC-positive myotubes containing Ն2 nuclei/total no. of nuclei) ϫ 100, as previously described (31) . Proliferation was determined on the basis of the average number of nuclei per field in at least 10 random fields. All experiments were performed in quadruplicate with four different MPC cultures. Immunocytochemical analysis of MyoD and MHC were performed as previously described (52) .
Cardiotoxin muscle injury mouse model. All animal procedures were conducted in accordance with institutional guidelines for the care and use of laboratory animals as approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio. C57BL/6J male mice were obtained from the Jackson Laboratory and used at 4 -6 mo of age. Mice were anesthetized with inhalation of 1-2% isoflurane (Vedco, St. Joseph, MO) and placed on a warming pad to maintain body temperature during the procedure. Cardiotoxin (Calbiochem; 2.5 M) was injected intramuscularly below the knee into the anterior (100 l) compartment of both hindlimbs. Tibialis anterior muscle tissues were collected at baseline (no injections) and at days [1] [2] [3] [4] [5] 7 , and 21 after cardiotoxin injection (n ϭ 4 mice/time point). The tissues were weighed; half of the muscle was snap frozen in liquid nitrogen and stored in a Ϫ80°C freezer for RNA extraction; the other half was placed in 10% neutral buffered formalin (NBF) for histological examination to confirm the extent of muscle injury.
RNA isolation. Total RNA was isolated from MPC cells with TRIzol (Invitrogen) and from skeletal muscle tissues with the miRNeasy Mini kit (Qiagen) according to manufacturer's instructions. RNA integrity was assessed with the Agilent 2100 Bioanalyzer (Agilent Technologies), and RNA samples with RNA integrity number (RIN) Ͼ 9 were used in the array studies.
Quantitative reverse transcriptase-polymerase chain reaction. The mRNA expression of MHC and muscle regulatory factors including MyoD, myogenin, Myf5, and Pax7 was evaluated via quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR). Specific primers were designed based on published gene sequences (NCBI Entrez search system; Supplemental Table S1 ). 1 The expression of miRNAs during in vivo muscle regeneration was determined by qRT-PCR with the TaqMan Universal PCR Master Mix and TaqMan MicroRNA Assays (Applied Biosystems, Foster City, CA). Expression of the amplified products for mRNAs and miRNAs was calcu-lated relative to 18S rRNA and small nucleolar RNA (snoRNA)55, respectively.
TaqMan qRT-PCR microRNA array. The stem-loop RT-PCRbased TaqMan Rodent MicroRNA Array A (Applied Biosystems) containing primers and probes of 335 murine miRNAs was used. RT-PCR reactions were performed as previously described (10) . All reagents were obtained from Applied Biosystems. Briefly, 500 ng of total RNA was reverse-transcribed with Megaplex RT Primers and the TaqMan miRNA reverse transcription kit. cDNA templates were amplified with Megaplex PreAmp Primers and TaqMan PreAmp Master Mix. Quantitative real-time PCR was performed with the Applied Biosystems 7900HT system and a TaqMan Universal PCR Master Mix. Cycle threshold (C t) values were calculated with SDS software v.2.3 using automatic baseline settings and a threshold of 0.2. The comparative Ct method was used to calculate the relative miRNA expression. The Ct value of an endogenous control gene [MammU6, small nuclear RNA (snRNA)] was subtracted from the corresponding C t value for the target gene, resulting in the ⌬Ct value.
Data analysis. Because a Ct value of 35 represents single-molecule template detection, Ct values Ͼ 35 were considered to be below the detection level of the assay (19) . MiRNAs were included in analyses when at least 50% of the measurements were detectable (Ct Յ 35) in an experiment (20) : at least eight measurements with Ct Յ 35 in differentiation assays and at least four measurements with Ct Յ 35 in the proliferation assays. The LIMMA software package was used to estimate the log fold change and false discovery rate (FDR) (51) . A miRNA was identified as differentially expressed when FDR Ͻ 0.05 and fold change Ͼ 2 and was selected for cluster analysis. Clustering was performed with the hierarchical method with average linkage and Euclidean distance metric (15) . The log 2-transformed intensity values were centered by subtracting the median log2 values across all the samples for individual miRNAs and used for cluster analysis to generate the heat map (Java Treeview) (46) .
The MPC proliferation and differentiation data including the regulatory factor data were analyzed by repeated-measures analysis of variance with log transformation applied to MHC and Myf5. The multiple testing correction procedure utilized the SAS macro SimTests written by Peter Westfall (57) employing the Holm stepdown method while incorporating the autocorrelation structure of the model. The macro was run with a simulation run set to 50,000 for a two-tailed test; in vivo transcription factor and miRNA expression were measured by analysis of variance on ranks (MHC, Pax7, and miR-682) or analysis of variance on log-transformed data (Myf5, myogenin, MyoD, miR-1, and miR-499) with Hochberg's correction for multiple testing. The effect of miR-682 antisense LNA on MPC proliferation and miR-682 levels was analyzed by paired t-test. A value of P Յ 0.01 was considered as significant.
Identification of putative mRNA targets for differentially expressed miRNAs. The mRNA targets for differentially expressed miRNAs were predicted with the computer program TargetScan, the database of conserved 3=-UTR miRNA targets (33) . Gene Ontology (GO) term annotation and functional enrichment of the predicted targets were performed with the DAVID gene annotation tool (http://david.abcc. ncifcrf.gov/) at P Ͻ 0.01.
RESULTS
miRNA expression during MPC proliferation. MPC proliferation was stimulated by serum and FGF-2 in GM; cell confluence was 20 -30% at 1 day after subculture and reached Ͼ90% by day 5. The total number of MPC doubled every day for the first 3 days, with a decreasing proliferation rate on day 4, and approached a plateau phase at day 5 (Fig. 1A) . The percentage of G 0 /G 1 -phase cells progressively increased such that 81 Ϯ 2% were G 0 /G 1 phase at day 5. In parallel, S-and G 2 -phase proliferating cells decreased (P Յ 0.003) at days 3-5 and days 4 -5, respectively, compared with day 1 (Fig. 1B) . In combination, these results indicated that MPC were actively dividing in the first 3 days with a decreased proliferation rate at days 4 and 5.
MPC can begin to differentiate when cells are confluent even in the presence of GM (8) . However, no myotube formation was observed with phase-contrast microscopy during the 5-day proliferation assay (data not shown). The mRNA levels of MHC (a terminal muscle differentiation marker), Myf5, MyoD, myogenin, and Pax7 were similar throughout the 5-day proliferation time course ( Fig. 2A) , suggesting that the day 5 MPC had not started to differentiate despite being Ͼ90% confluent.
On the basis of the above, miRNA profiling was compared between proliferation on day 2 and day 5, with day 2 representing active proliferation while day 5 represented a relatively quiescent population of cells that had not started to differentiate. Of the 335 murine miRNAs tested by the TaqMan qRT-PCR array, 16 miRNAs (5%) changed significantly (Ͼ2-fold) between the proliferation time points (FDR Ͻ 0.05); of these, 12 (5%) changed more than fivefold (Table 1 ). Only 1 (1/16, 6%), miR-682, was upregulated in proliferating MPC at day 2 compared with quiescent cells at day 5. Data for all miRNA expression were submitted to the Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo) with the series accession number GSE16473.
miRNA expression during MPC differentiation. MPC differentiation was induced by exposure to a low serum concentration and FGF-2 withdrawal. In GM (day 0), MPC were small and round in appearance (Fig. 3A) . After switching to DM (days 1-5), cell morphology became elongated and MHCpositive, multinucleated myotubes formed (Fig. 3A) . Cell number was determined by counting nuclei per high-power field; the number of cells doubled during the first day in DM and were similar thereafter (Fig. 3B) . Proliferation occurred during the first day in DM irrespective of plating densities from 1 ϫ 10 5 to 1 ϫ 10 6 per 60-mm dish (data not shown). Thus day 1 represented both proliferating and differentiating cells. MPC differentiation was assessed by the differentiation potential and the fusion index. After 1 day in DM, 31 Ϯ 2% of the cells were differentiated as evidenced by MHC protein expression (Fig.  3C) . Thereafter, the percentage of nuclei in myotubes continued to increase, reaching 94 Ϯ 1% at day 5 (Fig. 3C) . Enumeration of fused myocytes containing two or more nuclei, determined as the fusion index, revealed an increase in cell fusion; the fusion index of differentiated cultures was 82 Ϯ 1% after 5 days (Fig. 3C) . In parallel, increases (P Յ 0.002) in MHC mRNA levels compared with day 0 were observed during MPC differentiation (Fig. 2A) . The expression of myogenin increased at day 2 (P ϭ 0.002) compared with day 0 and decreased thereafter (Fig. 2A) . Although no statistical significance was observed, MyoD levels were 3.8 Ϯ 1.0 times higher at differentiation day 3 than at day 0. Myf5 expression increased during late differentiation days 4 -5. The transcription factor Pax7 was expressed in proliferating MPC, with peak expression occurring during differentiation day 0, and was downregulated beginning on day 3 (P Ͻ 0.001) and throughout the rest of the myogenic differentiation time course (Fig. 2A) .
Four time points during MPC differentiation were selected for miRNA profiling. Day 0 represented proliferating cells, day 1 contained a combination of proliferating and differentiating cells, while day 2 contained both differentiating and fusing cells. Day 5 represented cells and myotubes that were predominantly differentiated. Array analysis revealed that 139 of 335 murine miRNAs (41%) were significantly differentially expressed (FDR Ͻ 0.05, fold change Ͼ 2). The number of differentially expressed miRNAs varied during the time course of MPC differentiation (Fig. 4) .
Distinct miRNA expression patterns during MPC differentiation indicate potential role in regulation of muscle regeneration. To further examine the expression patterns of miRNAs during the MPC differentiation assay, a hierarchical cluster analysis was performed for the 139 differentially expressed miRNAs. The miRNA expression patterns during the MPC differentiation assay clustered into five unique categories ( Fig. 5 ): transient downregulation in the early phase of differentiation (cluster A; n ϭ 9); progressive upregulation during MPC differentiation (cluster B; n ϭ 91); transient upregulation in the early phase of differentiation (cluster C; n ϭ 16); downregulation in the late phase of differentiation (cluster D; n ϭ 14); and progressive downregulation during MPC differentiation (cluster E; n ϭ 9). miRNAs in each cluster are listed in Supplemental Table S2 .
These distinct expression patterns of miRNA suggest different regulatory roles during MPC proliferation and differentiation. For example, during differentiation days 1-2, mitogen deprivation stimulated cell cycle withdrawal, inducing MPC to differentiate. The 16 miRNAs in cluster C were transiently upregulated in the early stages of differentiation (days 1-2) but mostly downregulated in proliferating cells (Fig. 5) , representing an important set of miRNAs for understanding the initial events for muscle differentiation. GO terms of the predicted targets of the miRNAs in cluster C were enriched with mRNAs Data from proliferating myogenic progenitor cells (MPC) presented as fold change of microRNA (miRNA) expression at day 2 (D2) relative to that at day 5 (D5) in culture. important in protein metabolism, cell cycle regulation, and cell proliferation (P Ͻ 0.001).
Between differentiation days 2 and 5, MPC ceased proliferating and the majority fused into postmitotic myotubes. The differentiation time course contained miRNAs with the largest fold change ranging from Ϫ135 to ϩ146. Among these, 13 miRNAs exhibited the most significant change with FDR Ͻ 0.01 and fold change Ͼ 10, including muscle-specific miR-1, -133a, and -499 (Table 2) . Although probes and primers for another muscle-specific miRNA, miR-206, were not available in the present array analysis, miR-206 expression was upregulated during MPC differentiation on the basis of TaqMan RT-PCR assays (1.2-, 2.1-, and 10.4-fold upregulation at differentiation days 1, 2, and 5 compared with day 0, respectively). GO term annotation revealed that 14% (475/3,297) of the predicted targets of the 13 miRNAs were involved in cell differentiation. Some of these genes have been reported to inhibit myogenic differentiation, including sex determining region Y-box 6 (Sox6) (21), phosphatase and tensin homolog (Pten) (56), leukemia inhibitory factor (Lif) (1), and fibroblast growth factor receptor 1 (Fgfr1) (41) , suggesting that these miRNAs promote MPC differentiation by regulating mRNA targets.
miR-682 antisense inhibited MPC proliferation. Although the evidence for regulation of miRNAs in MPC differentiation is growing, the roles of miRNAs in MPC proliferation remain largely unexplored. Only one miRNA, miR-682, was significantly upregulated in proliferating compared with quiescent MPC (Table 1) . To determine whether miR-682 was involved in MPC proliferation, we performed loss-of-function assays using anti-miRNA oligonucleotides. A LNA-enhanced antisense oligonucleotide complementary to miR-682 abrogated (P ϭ 0.005) miR-682 detection in real-time PCR compared with a scramble sequence used as a control at day 2 after transfection ( Fig. 6A) , most likely through sequestration of the target miRNA. Inhibition of endogenous miR-682 significantly reduced MPC proliferation at day 2 after transfection compared with the scrambled control (P ϭ 0.01, Fig. 6B ). Cell numbers at day 2 were similar in the scramble sequence (control) and the proliferation assay without transfection (Fig. 1A) , suggesting that the transfection conditions did not change the kinetics of the proliferation assay. Cell cycle analysis revealed significant reductions of S-phase cells in miR-682 antisense-transfected cells (P Ͻ 0.001, Fig. 6C ). However, no myotube formation or MHC expression level changes were observed in miR-682 antisense-and scramble-transfected cells when cultured in GM (data not shown). Taken together, these data functionally link miR-682 to MPC proliferation.
Differentially expressed miRNAs in MPC proliferation and differentiation exhibited similar changes during in vivo muscle regeneration. Although muscle proliferation and differentiation processes can be mimicked in vitro in tissue-cultured cells, in vivo MPC function is regulated by local signals from the environment. Thus interpretation of in vitro experiments needs to be relevant to in vivo function. To determine whether the expression of miRNAs during MPC proliferation and differentiation was similar in muscle regeneration, we assessed miRNA expression levels in a cardiotoxin-induced mouse muscle injury model. More than 80% of the tibialis anterior muscle was injured as evidenced by myocyte necrosis and inflammatory infiltrates at days 1-3 after cardiotoxin injection as previously described (40) . Regenerated myofibers were readily identified by the presence of centrally located nuclei by day 4 and increased in size through day 21 (data not shown). The expression of several muscle-specific genes, including MHC, Myf5, myogenin, MyoD, and Pax7, in injured/regenerating muscle was studied by quantitative real-time PCR (Fig.  2B) . The terminal muscle differentiation marker, MHC, was maximal at baseline (day 0), dramatically decreased after injury, and increased during the time course of muscle regeneration. The expression of myogenic transcription factors reached peak levels at days 4 -5 after cardiotoxin injury and returned toward baseline levels thereafter. Thus both histology and gene expression data suggest that the in vivo time course of satellite cell activation and proliferation occurred from day 1 to day 3 and myoblast differentiation occurred at day 4 and thereafter, with overlap in these processes around the day 4 time point. 5 . Hierarchical cluster analysis of differentially expressed miRNAs during MPC differentiation. Cluster analysis was performed for 139 differentially expressed miRNAs after data adjustment (log transformation, median center, and normalization). The color codes of red, black, and blue represent high, average, and low expression levels, respectively. Five clusters were identified (A-E). For each cluster, a detailed view of expression changes is presented for individual miRNAs within that cluster; the average value of miRNA expression within each cluster is presented as a red line. Data were derived from 4 different MPC primary cultures with the cell differentiation assays initiated at passage 3. Numbers with Ͼ10-fold change are indicated in bold. Epc1, enhancer of polycomb homolog 1; Ezh2, enhancer of zeste homolog 2; Fgfr1, fibroblast growth factor receptor 1; Lif, leukemia inhibitory factor; Mbnl3, muscleblindlike 3; Myocd, myocardin; Nras, neuroblastoma ras oncogene; Pten, phosphatase and tensin homolog; Sirt1, sirtuin 1; Unc45a, unc-45 homolog A; Sox6, sex determining region Y-box 6; Utrn, utrophin; Zeb2, zinc finger E-box binding homeobox 2; FDR, false discovery rate; *ND, not detectable.
Concurrent expression of several miRNAs, determined by TaqMan real-time PCR, included miR-1, -499, and -682. These miRNAs were selected on the basis of significant differential expression during in vitro MPC proliferation or differentiation (Tables 1 and 2 ). The muscle-specific miRNAs, miR-1 and miR-499, exhibited in vivo patterns similar to MPC, with high expression in baseline and day 21 regenerated muscle and in day 5 differentiated MPC in vitro (Fig. 7A) , suggesting potential roles in maintenance of differentiation of mature muscle fibers/myotubes. miR-682 was upregulated during MPC proliferation, with 4.4-fold increase at proliferation day 2 compared with day 5. Its expression reached peak levels immediately after cardiotoxin injury and decreased thereafter (Fig.  7B ). This expression pattern is consistent with its potential role in the regulation of MPC proliferation.
DISCUSSION
The primary objective of this study was to comprehensively define the dynamic changes in the expression of miRNAs during murine MPC proliferation and differentiation in vitro. Given the well-recognized phenotypic changes of cells after prolonged culture and passaging (16, 34) , we utilized only low-passage, primary MPC cultures; an in-depth characterization of our in vitro MPC culture system documented a consistent growth behavior and myogenic transcription factor gene expression in these cultured cells (Figs. 1-3) . In parallel, distinct patterns of miRNA expression occurred during the time course of MPC proliferation and differentiation. Not surprisingly, muscle specific miRNAs, miR-1, -133a, and -499, exhibited the greatest changes and were significantly upregulated in association with MPC differentiation. However, of importance, we identified a number of differentially expressed miRNAs that have not previously been reported in MPC, e.g., miR-10b, -335-3p, and -682 (Tables 1 and 2 ). These newly identified miRNAs will be important targets for further study relative to their regulatory effects on MPC growth and function. Toward this goal, treatment of cultured MPC with anti-miR-682, the only miRNA upregulated in proliferating MPC in vitro, resulted in a significant decrease in MPC proliferation. Thus on-going studies are directed toward elucidating the gene targets for miR-682 in these cultured cells. It is also noteworthy that the temporal patterns of expression of myogenic transcription factors and miRNAs in cultured MPC were similar to those observed during the time course of muscle regeneration in vivo (Figs. 2 and  7 ). These findings further support the use of our in vitro assay system for the identification of essential miRNAs that may serve as new regulatory elements in myogenic cell proliferation and differentiation. In skeletal muscle, the processes of proliferation and differentiation are mutually exclusive. The decision of whether myoblasts should continue to proliferate or switch into a differentiation pathway is regulated by the balance of positive and negative cell cycle regulators (14) . Compared with differentiated MPC at day 5, a large number of miRNAs were changed at day 0 and day 1 when the cells were still proliferating; however, the number of differentially expressed miRNAs rapidly decreased by day 2 when cells began to fuse (Fig. 4) . This expression pattern suggests different functions of these miRNAs during muscle differentiation and proliferation. A transient upregulation of a group of miRNAs in cluster C was observed at early differentiation days 1 and 2; however, most of the cluster C miRNAs were downregulated in proliferating MPC. This temporal expression pattern suggests possible roles for these miRNAs in controlling the transition from proliferation to differentiation. In fact, several miRNAs in this group have been shown to induce cell cycle arrest or suppress cell proliferation including miR-29b (42), miR-370 (37), miR-322, and miR-503 promoting cell cycle quiescence and muscle differentiation by downregulation of Cdc25A (48) . In silico prediction and GO annotation indicated that these clusters of miRNAs may share functional similarity by targeting cell cycle-related genes. Therefore, these miRNAs, by modulating the balance between the antagonistic processes of MPC proliferation and differentiation, may be integral components of the regulatory circuitry for muscle regeneration.
Analysis of the 13 miRNAs with the most significant change during MPC differentiation indicated that many of these miRNAs may target mRNA critically involved in muscle differentiation (Table 2) . Interestingly, several miRNAs targeted different sites in a given mRNA; miR-1, -499, and -375 targeted different sites in Sox6 mRNA, miR-10b and -486 targeted Pten, and miR-98 and -330 targeted neuroblastoma ras oncogene (Nras). The predicted targets of miR-98, Utrn and enhancer of zeste homolog 2 (Ezh2), were also repressed by myogenesis-related miR-206 and miR-26a, respectively (45, 58) . Thus coordinated regulation of multiple miRNAs could be an efficient way to increase the specificity of target gene regulation and may also enhance the robustness of target gene expression levels against fluctuations in individual miRNA concentrations. Although the accuracy of the computational approaches for identification of mammalian miRNA targets is still limited, these results will advance hypothesis-driven functional studies of these miRNAs.
The sequential expression of MRFs has been studied in embryogenesis (24) , muscle injury models (60) , and cultured satellite cells (12, 50, 53) . Consistent with previous reports, MyoD and myogenin exhibited transient induction during in vitro MPC differentiation and in vivo muscle regeneration, coincident with the initiation of muscle differentiation. This pattern is consistent with the ascribed roles of these genes in the differentiation of myogenic cells (29) . The expression of Myf5 in satellite cells has been under debate since Myf5 activity occurs during specific stages of the cell cycle (27) . Myf5 expression was observed in proliferating satellite cells but was absent upon differentiation and fusion into myotubes (27, 50) . However, Myf5-driven reporter expression has shown that the Myf5 gene is active in resident satellite cells (13) . We observed increased expression at the late phase of MPC differentiation in vitro and peak expression at day 4 during muscle regeneration following cardiotoxin-induced injury. The increased Myf5 expression may indicate the existence of quiescent residual cells in the late phase of MPC differentiation (3). Pax7 is known to regulate myogenic cell proliferation (4) . In the present study, Pax7 was upregulated in proliferating MPC and downregulated during MPC differentiation. Thus the timed expression of the transcriptional network plays an important role for muscle lineage progression and muscle regeneration. Interestingly, a similar pattern was also suggested for miRNA expression. miR-1 and -499 have been extensively studied in cardiac and skeletal muscles and have been shown to regulate muscle cell differentiation (39, 49) . Consistent with these roles, miR-1 and -499 were differentially regulated over the time course of both in vitro MPC differentiation and in vivo muscle regeneration. Compared with the large number of miRNAs differentially expressed during MPC differentiation, only 1 (miR-682) of 16 significantly changed miRNAs was upregulated in proliferating MPC. Importantly, miR-682 exhibited peak levels immediately at day 1 after muscle injury during in vivo muscle regeneration, raising the possibility of promoting MPC proliferation. Indeed, inhibition of endogenous miR-682 significantly reduced MPC proliferation. Although the mechanism of this regulation remains to be determined, these results validated our system in identifying miRNAs involved in muscle regeneration.
In conclusion, our results revealed distinct miRNA expression patterns during the time course of MPC proliferation and differentiation. We further confirmed similar miRNA expression between in vitro MPC and in vivo muscle regeneration and validated miR-682 involvement in MPC proliferation. These results will warrant further investigation to determine the regulatory roles of the differentially expressed miRNAs identified in the present study in controlling muscle regeneration.
